The aim of this study was to estimate the flexural properties of three kinds of experimental fiber-reinforced composite (FRC) posts and to evaluate their potential use as posts. Experimental FRC posts were fabricated with glass, aramid, and UHMWP fibers. Commercial FRC posts were used for comparison. A three-point bending test was performed at a crosshead speed of 1 mm/min. Experimental glass fiber posts showed significantly higher flexural strengths and moduli than aramid and UHMWP posts. Experimental UHMWP posts demonstrated superior toughness to the commercial posts. The glass fiber posts displayed stiff, strong and brittle features, while the UHMWP posts were flexible, weak and ductile. The flexural properties of the aramid posts fell between those of the glass and UHMWP posts. In conclusion, the glass fiber posts proved excellent in flexural strengths and moduli. However, the superior toughness of UHMWP fibers suggests the possibility of their use as posts in combination with glass fibers.
INTRODUCTION
It has been well documented that dental posts play an important role in retaining a core when endodontic treatment for supporting a crown is inevitably coupled with insufficient dentin 1) . There are two types of posts currently in use: custom-made cast posts and prefabricated posts. According to the composition, prefabricated posts are divided into metal (stainless steel, nickel chromium alloy and titanium alloy), ceramic, and fiber-reinforced composite (FRC) posts 2) . Metal posts have been used mainly in restorative dentistry for many years, and non-metal posts such as FRC and ceramic posts have been popular in clinical practice 3, 4) . FRC posts show lower rates of root fracture than do metal posts, as their elastic moduli are similar to those of dentin 5, 6) . In addition, FRC posts have superior adhesive strengths with resin cements and esthetic properties compared to metal posts 7, 8) . Although ceramic posts show high compressive properties, they have the disadvantage of brittleness. When above threshold stress is applied to ceramic posts, they are prone to fracture rather than distributing the load 9, 10) . Zirconia posts, in particular, are difficult to etch, rendering them difficult to bond with a resin core 11) . In addition, retrieving ceramic posts is extremely difficult when endodontic re-treatment is necessary 3, 12) . FRC is a composite material with embedded fibers within a resin matrix 13) . The fibers used in FRC are primarily glass, quartz, carbon, polyaromatic polyamide (aramid), and ultra high molecular weight polyethylene (UHMWP) 14) . Glass fibers have been incorporated within the fields of automotive, marine and flooring industries; aramid fibers are utilized in ballistic products such as bullet-proof vests, armor, sporting goods, tires, ropes and cables 15, 16) . UHMWP fibers have been investigated as a reinforcement element of dentures, fixed orthodontic retainers, space maintainers, post-traumatic stabilizing splints, fixed partial dentures, and direct use as posts [17] [18] [19] [20] . The mechanical properties of FRC are dependent upon: (1) the component, architecture (unidirectional, bidirectional, or woven), and geometric orientation of the fibers, (2) the component of the resin matrix, (3) the ratio of fiber to resin matrix, and (4) the adhesion between the fibers and resin matrix 13, [21] [22] [23] . The resin matrix used in FRC posts are either epoxy resin or other polymers having a high degree of conversion and a highly cross-linked structure 24) . Semi-interpenetrating polymer network (IPN) can also be used as a resin matrix to enhance the adhesion between FRC posts and luting resin cements [25] [26] [27] . Previous studies of FRC posts mainly focused on prefabricated FRC posts composed of glass or quartz 24, [28] [29] [30] . However, the type of resin matrices and the fiber contents of prefabricated FRC posts differed, making comparisons of absolute results impossible. Therefore, controlling the factors affecting the mechanical properties of various FRC posts is required. In addition, it is necessary to assess the characteristics of alternative fiber posts, other than glass or quartz fibers, such as aramid and UHMWP, to evaluate their potential use as posts.
In this study, resin matrices and experimental FRC posts composed of glass, aramid and UHMWP were fabricated by controlling the amount and the orientation of fibers. The objective of this study was to determine the flexural properties of each experimental glass, aramid and UHMWP FRC post, and to compare them with various commercial FRC posts in order to evaluate their potential use as posts. The null hypothesis of this study projected that the flexural properties of three experimental FRC posts, with identical volume percentages, do not differ, regardless of the type of fibers.
MATERIALS AND METHODS
The resin matrix of experimental FRC posts was fabricated with bisphenol-A-glycidyl dimethacrylate (NK Oligo, EMA-1020) containing an inhibitor of methoxyhydroquinone (100 ppm/kg), urethane dimethacrylate, triethylene glycol dimethacrylate, camphorquinone, and dimethylaminoethyl methacrylate.
Detailed information of the resin matrix components is listed in Table 1 .
Three types of fibers were used to reinforce the fabricated resin matrix (Table 2) . Glass fibers (ER 270FW) were 13 µm in diameter and 270 TEX (g/km) E-glass, treated with a silane-coupling agent. The aramid fibers (Kevlar 29) had a 14 µm diameter and 1,500 denier, without surface treatment. The UHMWP fibers (Ribbond) had a woven structure with a 23 µm diameter and 2 mm width of a ribbon treated with a cold gas plasma 18, 31) . The density of each fiber was measured by a density determination kit (YDK 01, Sartorius AG, Goettingen, Germany) attached to a balance (CP224S, Sartorius AG).
The commercial FRC posts used for comparison were 70 v/v% glass fiber posts (FRC Postec Plus), 60 v/v% glass fiber posts (Parapost Fiber Lux), and 60 v/v% quartz fiber posts (DT Light Post) ( Table 1 Components of the resin matrix fabricated in this study Table 2 Three types of fibers used to fabricate fiber-reinforced composite posts, and their density measurements Table 3 Commercial fiber-reinforced composite posts used for the comparison
Resin matrix fabrication
To fabricate the resin matrix, each component was weighed in a 100 mL borosilicate glass bottle (SCHOTT-DURAN, Mitterteich, Germany) wrapped with aluminum foil to protect against irradiation using a balance (CP224S, Sartorius) with the accuracy of 0.0001 g. The components were mixed in the bottle and capped with an air-tight polytetrafluoroethylene plug coupled with an overhead stirrer (RW20DZM.n, IKA-WERKE Gmbh & Co. KG, Staufen, Germany) for 30 minutes. During mixing, the temperature was maintained at 40°C by use of a hot plate (RCH-3, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) in order to enhance the homogenization of the mixed sample. Air bubbles in the mixed sample were removed by a vacuum pump for 1 hour.
Fiber-reinforced composite post fabrication
For the fabrication of the experimental FRC posts, 60 and 75 v/v% of glass fibers (GA60 and GA75), 60 v/v% of aramid fibers (PA60) and 60 v/v% of UHMWP fibers (PE60) were calculated from their density and weight (See Table 2 ). The weighed fibers, according to their corresponding percentages, were inserted into a flexible plastic tube (TYGON ® R-3603 Laboratory tubing, SaintGobain, Ohio, USA) with an internal diameter of 1.5 mm. The fabricated resin matrix was then gradually injected into the plastic tube using a 20 mL syringe. The open ends of each tube were polymerized by the irradiation of a LED light curing unit (Elipar FreeLight 2, 3M, Seefeld, Germany) for 20 seconds. The plastic tube was then fixed in a putty mold in order to maintain the experimental FRC posts straight. After the plastic tube with the putty mold was polymerized by using a laboratory light-curing unit (Visio Beta Vario, 3M) for 21 minutes, the tube was peeled off. Fig. 1 displays the four types of experimental fiber posts and the commercial FRC posts.
Three-point bending test
A three point bending test was performed using a universal testing machine (Z020, Zwick, Ulm, Germany) to measure the flexural strength, modulus and toughness of the fabricated resin matrix, the experimental FRC posts, and the commercial FRC posts. The crosshead speed was 1 mm/min, and the span of the two supports was 10 mm. The fracture load was determined by the load dropped down 30% from the maximum load. In the case of the tapered posts (FRC Postec Plus and DT Light Post), only the parallel portions were positioned on the supports. The sample size of the resin matrix, and each experimental FRC post group was 10; that of each commercial FRC post group was 5. The stress-strain curves were also evaluated.
Scanning electron microscopy (SEM)
After loading, the longitudinal and the cross-section of each experimental post were observed by a scanning electron microscope (JSM-6360, Jeol Ltd., Tokyo, Japan). For a cross-sectional view, the fractured part of each post was sectioned and embedded in acrylic resin (OrthoJet, Lang dental, OH, USA) with the sectioned surface exposed. The surface was then polished with a series of abrasive papers (180, 320, 600, and 1,000 grits) followed by a pan cloth with 5 µm aluminum oxide and a suede cloth with 0.3 µm aluminum oxide.
Statistical analysis
The statistical analysis for the flexural strength, modulus and toughness was conducted using a Kruskal-Wallis test and the Duncan's multiple range test by using a SPSS (version 12, Statistical Package for Social Science, SPSS Inc., Chicago, IL, USA) (=0.05).
RESULTS

Flexural properties of experimental and commercial FRC posts
The flexural strength of the resin matrix was increased significantly by all three experimental fibers as shown in Fig. 2 (p<0.05) . Among the experimental FRC posts, both the GA60 and GA75 posts showed higher flexural strengths than did the PA60 and PE60 posts (p<0.05). The flexural strengths of both the GA60 and GA75 posts were not significantly different from those of commercial FRC posts (p>0.05).
The flexural moduli of the experimental FRC posts were in the following order: GA75>GA60>PA60>PE60 (p<0.05) (Fig. 3) . The flexural modulus of GA75 was significantly higher than the commercial FRC posts (p<0.05).
The toughness of PE 60 were significantly higher than GA 75 (p<0.05). The toughness of GA 75, GA 60 and PE60 were significantly higher than the commercial FRC posts (p<0.05) (Fig. 4) .
The stress-strain curves of several posts clearly revealed their flexural characteristics (Fig. 5) . The GA post was stiff, strong, and brittle, while the PE post was flexible, weak, and ductile. The PA post was weak and brittle, and its flexural modulus was between that of the GA and PE. It can be observed from Fig. 5 that the high ductility of PE is responsible for superior toughness, in spite of its low strength.
SEM observation
The longitudinal views of the experimental FRC posts after the flexural test showed a correlation with the flexural properties (Fig. 6 ). There was no bending in the GA post; however, cracks occurred with fractures of some fibers at the loading part (b). Severe distortion and bending occurred in the PE post with cracks only in the matrix, without the fracture of fibers (c, d). The amount of bending of the PA post (f) was between those of the GA and PE posts. In cross-sectional view, the 75% GA post (a) appeared denser than the 60% PE (c) and 60% PA posts (e) due to its higher volume. The cross-sectional image of PE (c) seemed different from those of GA (a) and PA (e), because PE is not composed of single fiber strands, but woven structured fibers making up a 2 mm ribbond.
DISCUSSION
This study was undertaken to estimate the flexural properties of each experimental glass, aramid and UHMWP fiber post, and to compare them with various commercial FRC posts in order to evaluate their potential use as posts. The null hypothesis was rejected, because the flexural properties were significantly different depending upon the type of fibers used. The flexural strengths of the experimental glass fiber posts were not significantly different from, and even higher than the commercial FRC posts in terms of toughness. The aramid and UHMWP posts showed significantly lower flexural strengths and moduli than the glass posts. However, the UHMWP posts resulted in higher toughness than the commercial FRC posts. The scanning electron microscopic images of the experimental posts also confirmed the results of flexural properties.
From the results of the stress-strain curve, and the SEM observations, the characteristics of each experimental FRC post were differentiated. The GA post was stiff, strong, and brittle, while the PE post was flexible, weak, and ductile. The PA post was weak and brittle, and its flexural modulus was between that of the GA and PE. It can be estimated that the high ductility of PE is responsible for its superior toughness, in spite of its low strength. Toughness indicates the resistance of a material to fracture, and it is an indication of the amount of energy necessary to cause a fracture 32, 33) . When re-endodontic treatment is required, the post should ideally be removed from the root canal without fracture. Ceramic posts with low toughness are very problematic to retrieve, because the post is easily broken during the and PA60 (e), (f), respectively. procedure 3, 12) . Posts with superior toughness would be advantageous in this regard. Although the flexural strengths and moduli of the UHMWP posts were lower than the glass posts, their superior toughness contributes to their importance as posts. In review, the aramid and UHMWP fibers showed a limitation when being used as posts alone, although reports exist regarding direct post build-up using UHMWP fibers 20, 34) . However, the superior toughness of the UHMWP posts suggests the potentiality of their being used as posts, in particular if used in combination with the glass fibers.
Unexpectedly, the experimental aramid fiber posts showed inferior flexural properties compared with glass posts. Previously, it was reported that the elastic moduli of aramid fibers were higher than those of glass and UHMWP fibers in a tensile mode 14) . However, in the flexural mode of this study, the fiber orientation was perpendicular to the load application, while parallel in the tensile mode 14) . In addition, Kevlar 29, an original type of aramid fiber, was used in this study. The flexural modulus could have been increased if Kevlar 49, a high modulus type, had been used. In this study, there was no surface treatment in the case of the aramid fiber. A method for treating the surface of organic fibers, especially for aramid fibers, should be established.
To elucidate the characteristics of experimental FRC posts more clearly, these posts were compared with various commercial FRC posts. In Fig. 5 , the stressstrain curves of GA 75, Postec with 70% glass fibers, and GA 60 seem to be proportional to the amount of glass fibers in terms of flexural strength and modulus. The scanning electron microscopic images of the longitudinal and cross-sectional views of the experimental posts also confirmed the results of flexural properties, as well as the stress-strain curves. Superior toughness made the UHMWP post unbreakable, unlike the glass fiber posts. In Fig. 3 , among the commercial FRC posts, the DT posts with 60% quartz fibers showed higher flexural modulus than the ParaLux posts with 60% glass fibers. Other studies also showed similar trends in concordance with these results 24, 35, 36) . Posts with higher mechanical properties do not guarantee a successful survival rate, because the posts do not strengthen teeth, rather, the preparation of a post space can weaken the root 2, 12) . The primary purpose of a post is to improve the retention of core materials in case of a significant loss of coronal tooth structure 12) . Those posts with similar elastic modulus to dentin (17 GPa) resulted in a lower incidence of root fracture by acting as a monoblock with dentin 3, 32, 37) . In this regard, FRC posts seem to have advantages over ceramic and metal posts. In addition, reports exist indicating that the fracture resistances of endodontically treated teeth restored with FRC posts were similar, or even higher than those restored with ceramic and titanium posts 36, 38, 39) . In this study, among the many factors related to the flexural properties of FRC, the components of the resin matrix and the fiber contents in experimental FRC posts were controlled. Three different experimental fiber posts showed distinct flexural properties, respectively.
Although glass fibers demonstrated the highest flexural strengths and moduli among the experimental posts, UHMWP fibers showed superior toughness. Within the limitations of this study, the aramid and UHMWP fibers are considered to have a limitation in their use as posts alone. However, UHMWP fibers exhibit the potential to be developed as new FRC posts by combining them with glass fibers, considering the superior toughness of UHMWP.
CONCLUSIONS
Within the limitation of this study, the following conclusions were drawn:
1. Among the experimental FRC posts, glass fiber posts showed significantly higher flexural strengths and moduli than aramid and UHMWP fiber posts (p<0.05).
UHMWP posts resulted in superior toughness
than commercial FRC posts (p<0.05). 3. Glass fiber posts showed stiff, strong and brittle features, while UHMWP fiber posts were flexible, weak and ductile. The flexural properties of aramid fiber posts fell between those of glass and polyethylene. The superior toughness of UHMWP suggests the possibility of its use as a post, if used in combination with glass fibers.
